Inter-oceanic divergence and speciation in Carcharhinus plumbeus, Carcharhinus limbatus and Carcharhinus falciformis inferred from mitochondrial DNA sequence by Ryburn, Julie A
Retrospective Theses and Dissertations Iowa State University Capstones, Theses and Dissertations 
1-1-2003 
Inter-oceanic divergence and speciation in Carcharhinus 
plumbeus, Carcharhinus limbatus and Carcharhinus falciformis 
inferred from mitochondrial DNA sequence 
Julie A. Ryburn 
Iowa State University 
Follow this and additional works at: https://lib.dr.iastate.edu/rtd 
Recommended Citation 
Ryburn, Julie A., "Inter-oceanic divergence and speciation in Carcharhinus plumbeus, Carcharhinus 
limbatus and Carcharhinus falciformis inferred from mitochondrial DNA sequence" (2003). Retrospective 
Theses and Dissertations. 20024. 
https://lib.dr.iastate.edu/rtd/20024 
This Thesis is brought to you for free and open access by the Iowa State University Capstones, Theses and 
Dissertations at Iowa State University Digital Repository. It has been accepted for inclusion in Retrospective Theses 
and Dissertations by an authorized administrator of Iowa State University Digital Repository. For more information, 
please contact digirep@iastate.edu. 
Inter-oceanic divergence and speciation in Carcharhinus plumbeus, 
Carcharhinus limbatus and Carcharhinus falciformis inferred from 
mitochondrial DNA sequence 
by 
Julie A. Ryburn 
A thesis submitted to the graduate faculty 
in partial fulfillment of the requirements for the degree of 
MASTER OF SCIENCE 
Major: Zoology 
Program of Study Committee: 
Gavin J.P. Naylor, Major Professor 
Jonathan F. Wendel 
Dean C. Adams 





Iowa State University 
This is to certify that the master's thesis of 
Julie Ann Ryburn 
has met the thesis requirements of Iowa State University 
Signatures have been redacted for privacy 
LIST OF TABLES 
LIST OF FIGURES 
iii 
TABLE OF CONTENTS 
CHAPTER 1. GENERAL INTRODUCTION 
CHAPTER 2. INTER-OCEANIC DIVERGENCE AND SPECIATION 
IN CARCHAHINUS PLUMBEUS, CARCHAHJNUS LIMBATUS AND 





















LIST OF TABLES 
Table 1. Collection localities for samples used in 19 
this study. 
Table 2. Polymorphic sites observed in 1044 base pairs ofNADH-2 
sequence for Carcharhinus plumbeus and Carcharhinus altimus. 20 
Table 3. Polymorphic sites observed in 1082 base pairs of Cytochrome b 
sequence for Carcharhinus plumbeus and Carcharhinus altimus. 20 
Table 4. Polymorphic sites observed in 1014 base pairs of sequence from 
the mitochondrial control region for Carcharhinus plumbeus 
and Carcharhinus altimus. 21 
Table 5. Polymorphic sites observed in 1044 base pairs of NADH-2 
sequence for Carcharhinus limbatus Carcharhinus tilstoni and Carcharhinus 
amblyrhynchoides. 22 
Table 6. Polymorphic sites observed in 1044 base pairs of NADH-2 
sequence for Carcharhinus falciformis. 24 
V 
LIST OF FIGURES 
Figure 1. Preliminary Maximum Parsimony phylogeny for the 
genus, Carcharhinus, based on mitochondrial NADH-2 sequence data. 25 
Figure 2. Phylogeny derived using maximum parsimony for geographic 
variants of Carcharhinus plumbeus and Carcharhinus limbatus specimens. 26 
Figure 3. Geographic distribution of Carcharhinus plumbeus. 27 
Figure 4. Geographic distribution of Carcharhinus limbatus. 27 
Figure 5. Geographic distribution of Carcharhinus falciformis. 28 
Figure 6. Phylogeny derived using maximum likelihood (HKY85) 
based on NADH-2 sequence data for the genus, Carcharhinus. 29 
Figure 7. Phylogeny derived using Maximum Parsimony based on 
NADH-2 sequence data for C. plumbeus and C. altimus. 30 
Figure 8. Phylogeny derived using Maximum Parsimony based on 
Cytochrome b sequence data for C. plubeus and C. altimus. 31 
Figure 9. Phylogeny derived using Maximum Parsimony based on the 
sequence data from the mitochondrial control region for C. plumbeus 
and C. altimus. . 32 
Figure 10. Neighbor joining phylogeny based on sequence data from 
the mitochondrial control region subsequent to removing frequently 
changing sites and correcting for among site rate variation. 33 
Figure 11. Phylogeny derived using Maximum likelihood (HKY85) 
based on NADH-2 sequence data for Carcharhinus limbatus, C. tilstoni 
and C. amblyrhynchoides. 34 
Figure 12. Maximum parsimony phylogeny based on NADH-2 sequence 
data for Carcharhinus falciformis 35 
1 
CHAPTER 1. GENERAL INTRODUCTION 
Phylogeographic patterns were examined for two species of shark that are 
circumglobally distributed (Carcharhinus plumbeus and Carcharhinus limbatus), but 
restricted to coastal waters and a third species ( Carcharhinus falciformis) that is 
circumglobally distributed, but oceanic. 
Several studies document a genetic inter-oceanic divergence between Atlantic and 
Pacific marine organisms with disjunct, circumglobal distributions. In particular, this pattern 
has been exposed for many commercially important teleost species (A vise, 2000). Currently 
much less is known about the population genetic structure of sharks. The few investigations 
into shark populations were geared towards establishing stock delineations within an ocean 
basin. One study on shortfin mako looked at genetic population structure across ocean 
basins. They found that a significant partitioning between North Atlantic and Indo-Pacific 
specimens existed (Heist, 1996). 
The genus Carcharhinus contains many commercially important species that are 
currently being over-exploited by fisheries. Many species of this genus are circumglobal and 
coastally restricted. Due to difficulties inherent to collecting sharks, little is known about the 
evolutionary trajectory of this group. The evidence collected for teleost species and for the 
shortfin mako suggests the potential for an inter-oceanic divergence for several species 
within this group with similar distributions. Limited gene flow between ocean basins will 
effect the evolutionary development of these species and therefore may have important 
taxonomic implications. 
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CHAPTER 2. INTER-OCEANIC DIVERGENCE AND SPECIATION IN 
CARCHAHINUSPLUMBEUS,CARCHAHINUSLIMBATUSAND 
CARCHARHINUS FALCIFORMIS INFERRED FROM 
MITOCHONDRIAL DNA SEQUENCE 
A paper to be submitted to Molecular Biology and Evolution 
Julie A. Ryburn 
Abstract 
Phylogeographic patterns were examined for two species of shark that are 
circumglobally distributed (Carcharhinus plumbeus and Carcharhinus limbatus), but 
restricted to coastal waters and a third species (Carcharhinus falciformis) that is 
circumglobally distributed, but oceanic. Analyses of mitochondrial gene sequences based on 
parsimony, maximum likelihood and neighbor-joining methods revealed significant genetic 
variation between ocean basins for all three species suggesting gene flow is restricted 
between ocean basins. Neither C. plumbeus nor C. limbatus populations were monophyletic. 
The Atlantic C. plumbeus was more closely related to a different species (C. altimus) than to 
con-specific members from the Pacific. The Pacific population of C. limbatus showed a 
similar phylogenetic pattern, being more closely related to two other species (C. tilstoni and 
C. amblyrhynchoides) than to the Atlantic populations of C. limbatus. Taxonomic 
implications are discussed in the context of these findings. 
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Introduction 
Sharks of the genus Carcharhinus are some of the best known in the world. Members 
range from infamous species implicated in attacks on humans, such as the bull shark ( C. 
leucas) and the oceanic whitetip shark (C. longimanus) to less dangerous species like the 
sandbar (C. plumbeus) and blacktip shark (C. limbatus). A number of carcharhinid species 
are targeted by fisheries, both artisinal and commercial. Their flesh is utilized for human 
consumption, their hides valued for leather and other products, and their livers used for oil 
which is high in vitamin A content. Several species are sought for their fins for the Chinese 
delicacy, shark-fin soup. Some species are targeted by recreational fisheries as well 
(Compagno, 1984). The exploitation of these species is taking a toll and is leading to a 
significant decline in numbers for several species within the genus (Musick et. al., 2000; 
Baum et. al., 2003). 
Currently, little is known about the genetic population structure for any of the species 
within the genus Carcharhinus. This is due in part to the difficulty in distinguishing 
members within the group because of morphological similarity. Size, strength, aggression, 
sharp teeth and habitat may also impede the number of samples one can collect. In some 
cases, DNA sequencing is the only means by which species can be identified. However even 
with DNA sequences, it can be hard to identify species unless DNA sequences are available 
for all of the close relatives. A recent phylogeny based on mitochondrial sequence data for 
NADH-2 (Naylor et. al., unpub. data) includes 28 of the 30 described Carcharhinus species. 
When those data are subjected to a parsimony analysis (Fig. 1 ), two species, Carcharhinus 
plumbeus and Carcharhinus limbatus, stand out as problematic, as both taxa form 
paraphyletic assemblages. A closer inspection of the representatives for each species reveals 
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that the partitioning within C. plumbeus and C. limbatus is specific to the ocean basin from 
which they were collected (Fig. 2). This suggests that the observed paraphyly may be the 
consequence of biological signal rather than methodological artifact. 
Both C. plumbeus and C. limbatus are large, viviparous, widely distributed sharks (Fig. 3 
and Fig. 4), reaching approximately 2.5 min length. They are inshore and offshore, coastal-
pelagic species, found near continental and insular shelves. C. plumbeus occurs in tropical 
to temperate waters and may be found in depths ranging from just enough water to cover 
them to 280 m. C. limbatus is a tropical to warm-temperate shark and is rarely found in 
water deeper than 30 m. By contrast, C. falciformis, while also a large, widely distributed 
species (Fig. 5), is pelagic and moves extensively throughout its range. This tropical shark 
can reach 3 .3 meters in length and is found inshore in waters as shallow as 18 m, but usually 
occurs in the open ocean at depths to 500 m. (Compagno, 1984). 
Biologically, genetic partitioning between the Atlantic and Pacific oceans is not 
unexpected. While both C. plumbeus and C. limbatus are large animals and strong 
swimmers, they are coastally restricted species showing a distinct preference for warmer 
waters. Such habitat preferences can shape population structure and restrict gene flow 
among populations. Several studies document inter-oceanic divergence in marine species 
with similar distributions as well as more oceanic distributions. For example, Bowen et. al. 
(2001) found that Cytochrome b sequences from trumpet fishes varied across the Western 
Atlantic, Indo-Pacific and Eastern Atlantic. According to their molecular clock estimates, 
the divergence between West Atlantic and Indian-Pacific species was consistent with the 
emergence of the Isthmus of Panama, while the divergence of the East Atlantic species from 
the Indian Ocean specimens was consistent with the appearance of glacial cycles and cold-
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water upwellings around South Africa. Similar patterns of Atlantic-Pacific genetic 
divergences have been found for Istiophorid billfishes, bluefish, mackerel and tuna (Graves, 
1998), the blue marlin (Buonaccorsi et. al., 2001 ), the bigeye tuna (Chow et. al., 2000), and 
the bluefin tuna (Chow and Inoue, 1993). Although the purpose of these studies was to 
establish stock delineations for commercially important species, they also suggest that ocean 
basin divergence might be quite common for many fishes. 
Genetic and biochemical evidence is also used in an increasing number of studies to 
examine sibling species of marine organisms (reviewed in Knowlton, 1993). For example, 
Carcharhinus limbatus and Carcharhinus tilstoni are so morphologically similar that they are 
impossible to distinguish based on external morphology alone. However, Lavery and 
Shaklee ( 1991 ), using allozyme data, showed that there were differences in vertebral counts 
consistent with allozymal differences. 
Few population genetic studies have been conducted for sharks. Most studies are 
targeted at establishing the existence of separate fisheries stocks in the western Atlantic 
(Feldheim et. al., 2001; Heist and Gold, 1999; Heist et. al., 1996a; Heist et. al. 1995). To 
date, no evidence of significant population variation for sharks in the western Atlantic exists. 
In Australian waters, the gummy shark (Mustelus antarticus ) was found to lack 
heterogeneity in southern and western Australia (MacDonald, 1988). The school shark 
( Galeorhinus galeus ) also lacks variation in Australia, but is heterogeneous among oceans 
(Ward and Gardner, 1997). Heist et. al. (1996b) analyzed restriction length polymorphisms 
of mitochondrial DNA to look at the population structure of lsurus oxyrinchus across ocean 
basins. They found evidence of significant genetic partitioning between the North Atlantic 
and Indo-Pacific regions. 
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To test the existence of an inter-oceanic genetic divergence for C. plumbeus and C. 
limbatus populations, I sequenced NADH-2 (ND2) for several representatives of C. 
plumbeus and C. limbatus throughout their geographic distribution. To verify that the 
patterns were real, I sequenced additional species within each paraphyletic lineage to confirm 
their phylogenetic position relative to C. plumbeus and C. limbatus. Additionally, I 
sequenced several specimens of an oceanic species, Carcharhinus falciformis, to determine 
whether the Atlantic-Pacific divergence was unique to clades that are coastally restricted. To 
test phylogenetic congruence across genes, I sequenced two additional mitochondrial 
markers for C. plumbeus, Cytochrome band the mitochondrial control region. This also 
provided a comparison of divergence estimates across two markers common to population 
level studies. Along with establishing a pattern of inter-oceanic divergence within the genus 
Carcharhinus, this study underscores the importance of interpreting population level data 
within a phylogenetic context. 
Materials and Methods 
Tissue Collection and DNA Extraction 
Muscle or liver tissue was collected by members of the Naylor lab or donated by 
collectors from different parts of the world. Table 1 shows the sampling localities for species 
used in this study. In addition to C. plumbeus, C. limbatus and C. falciformis, I included 
samples for C. altimus, C. tilstoni and C. amblyrhynchoides. Because of the difficulty in 
distinguishing C. limbatus from C. tilstoni, only C. tilstoni samples whose identification had 
been confirmed by vertebral counts were used. Samples were stored in a 20% dimethyl 
sulfoxide solution prior to DNA isolation. DNA was extracted using Roche High Pure PCR 
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Template Preparation kit according to manufacturer's instructions and stored at -20 C in a 10 
mM Tris buffer (Roche). 
DNA Amplification and Sequencing 
NADH-2. Primers for ND2 were designed to the isoleucine tRNA region flanking the 5' end 
of the gene (5' AAG GAC CAC TTT GAT AGA GT 3') and to the asparagine tRNA flanking 
the 3' end of the gene (5' AAC GCT TAG CTG TTA ATT AA 3'). The polymerase chain 
reaction (PCR) was used to amplify a fragment approximately 1430 base pairs in length. 
PCR reactions were carried out in 50uL reaction volumes containing lX MBI Fermentas Mg-
free buffer, 1.5 mM MgC12 (MBI), 800uM dNTPs, 0.5 uM each primer and 1.0 U MBI 
Fermentas Recombinant DNA Taq Polymerase, final concentrations. The cycling profile 
was as follows: 94 C for 2 min; 40 cycles of 94 C (30 sec), 48 C (30 sec) and 72 (90 sec). 
Cytochrome b (Cyt b). Primers for Cyt b were designed to conserved tRNA regions just 
flanking the gene from a consensus of shark sequences within the order Carcharhiniformes. 
The CytbFor5 (5' CAA CTA TAA GAA TTT ATG GCC 3') and CytbRev5 (5' TCT TCG 
ACT TAC AAG GTC GAC 3') primers amplify a region approximately 1200 base pairs in 
length. PCR reaction components and concentrations are as stated for ND2. The cycling 
profile was as follows: 94 C for 2 min; 40 cycles of 94 C (30 sec), 50 C (30) and 72 C (90 
sec). 
The mitochondrial control region. Primers were designed against a consensus of 
elasmobranch sequences downloaded from Genbank. The forward primer, CbCp (5' TAT 
ACC ACT CAC TAG CTG ATG AG 3'), while taking into consideration conserved regions, 
was designed specifically to a Cyt b sequence for Carcharhinus plumbeus. The reverse 
primer, 12SER (5' TTA AGC TAC ACT AGC RTC AYA T 3'), was designed against the 
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most highly conserved region of 12S closest to the 5' end of the gene. The primers amplify a 
fragment approximately 1150 bases in length. PCR reaction components and concentrations 
are as stated for ND2. The cycling profile is as follows: 94 C for 2 min; 40 cycles of 94 C 
(30 sec), 50 C (30) and 72 C (30 sec). 
All PCR reactions for all genes were purified by microcon concentration according to the 
manufactures instructions (Amicon). Purification products were quantified fluorometrically. 
Automated dideoxy sequencing (Sanger et al., 1977) was performed at the Iowa State 
University DNA Sequencing and Synthesis Facility, using the Applied Biosytems (Foster 
City, CA) Prism BigDye terminator cycle sequencing kit and an Applied Biosystems Prism 
377 DNA sequencer. 
Data Analysis 
Sequences were edited in Sequence Navigator (Applied Biosystems, 1994). For Cyt 
b and ND2, only protein coding regions were used with aligned lengths of 1082 bp and 1044 
bp, respectively. A total of 1014 bp were analyzed for the control region. Sequences were 
aligned manually in SE-AL (Rambaut, 1995). Phylogenetic Analyses were carried out using 
PAUP* (Swofford, 2002). Character evolution was examined using MacClade (Maddison 
and Maddison, 2002). 
Results 
Outgroup Analysis. 
To determine which members of the genus Carcharhinus should be used as 
outgroups, phylogenetic analyses based on both parsimony (Figure 1) and maximum 
likelihood (Figure 6) were carried out on all available members of the genus. The inferred 
relationhips among several distal clades were in agreement for both analyses. The positions 
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of more basal nodes are inconsistent between analyses. Carcharhinus cautus and C. 
melanopterus were determined to be the best candidate outgroup species for C. limbatus. It 
was unclear which outgroup to use for C. plumbeus or for C. falciformis. To address this 
problem, analyses were conducted using randomly combined groups of four representatives 
sampling the diversity within the genus. The resulting ingroup topologies were found to be 
robust across analyses, independent of outgroup choice. Subsequent to choosing outgroup 
species, the data sets for C. plumbeus, C limbatus and C. falciformis were analyzed 
individually. 
Carcharhinus plumbeus: ND2. A maximum parsimony analysis ofNd2 for the C. 
plumbeus data set revealed a well-supported division of C. plumbeus between the Atlantic 
and Pacific ocean basins (Fig. 7). Additionally, there was strong support for C. altimus as 
sister taxon to the Atlantic C. plumbeus. Changes supporting each clade in the rooted tree are 
shown below each node. Four unambiguous substitutions support the Atlantic C. plumbeus 
clade as more closely related to C. altimus than to the Pacific C. plumbeus population. 
Results are concordant for both likelihood and neighbor-joining analyses (not shown). Table 
2 gives the total changes in the data set across sites. A total of 14 nucleotide substitutions 
separate the West Atlantic and Pacific groups. Substitutions were as follows: 4, CIT 1st 
position transitions; 9, CIT 3rd position transitions, and 1, AIC 3rd position transversion. All 
were synonymous substitutions. Uncorrected sequence divergence between the two C. 
plumbeus clades was 1.3-1.5%. The percent divergence between the C. plumbeus Atlantic 
group and the C. altimus clade was 0.38%. 
Carcharhinus. plumbeus: Cyt b. Results for Cyt bare consistent with those ofND2 (Fig. 
8). Again, the division between the West Atlantic and Pacific C. plumbeus clades is well-
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supported by the data. Three unambiguous substitutions support the Atlantic C. plumbeus 
clade as a sister group to the C. altimus clade. Likelihood and neighbor-joining analyses 
agree with this result. Table 3 shows the total changes across sites. A total of 12 nucleotide 
substitutions divide the West Atlantic and Pacific groups. Substitutions were as follows: 1, 
C/T 1st position transition; 9, CIT 3rd transitions; 2, A/G 3rd position transitions and 1, A/C 3rd 
position transversion. All were synonymous substitutions. Uncorrected sequence divergence 
between the two C. plumbeus clades was 1.1-1.5%. The average divergence between the C. 
plumbeus Atlantic group and the C. altimus clade was 0.5%. 
Carcharhinus plumbeus: The Mitochondrial Control Region. Preliminary phylogenetic 
analyses resulted in a topology that conflicted with the results for ND2 and Cyt b (Figure 9). 
Inspection of the data set suggested that while few sites vary, some sites appear to change 
multiple times. MacClade was used to plot the number of inferred steps per site for both 
ingroup and outgroup species. Sites inferred to change greater than three times were 
removed from the data set. Subsequent to the removal of fast-evolving sites, a maximum 
parsimony analysis retrieved a tree topology consistent with the results from ND2 and Cyt b. 
Analyses based on maximum likelihood were consistent with this result (not shown). With 
only the removal of fast-evolving sites, neighbor-joining analyses still retrieved the 
conflicting topology. However, when the data was corrected for the gamma shape parameter 
(alpha= 0.2), the topology consistent with the protein coding genes was retrieved (Fig 10). 
Substitutions were mapped to both reconstructions using MacClade. There was little support 
for a monophyly that included both C. plumbeus populations. All changes are accumulated 
on the branch leading to C. altimus and to the outgroup branches, indicating a long branch 
effect. The opposing topology (Fig. 12) was supported by changes that are non-
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homoplasious. Two unambiguous changes, sites 49 and 1014 support the monophyly of the 
clade containing Atlantic C. plumbeus and C. altimus. Support for these relationships 
collapses under bootstrap resampling. Table 4 shows the total variation in sites across the 
control region. Uncorrected sequence divergence between the two C. plumbeus clades was 
0.3-0.4%. The percent divergence between the C. plumbeus Atlantic group and the C. 
altimus clade was 0.9-1.1%. 
Carcharhinus limbatus: ND2. An unambiguous division was seen between the Atlantic and 
Indo-Pacific specimens for C. limbatus (Fig 12). Nineteen substitutions support the 
separation of these clades. Substitutions were as follows: 4, 1st position CIT transistions; 15, 
3rd position CIT transitions and 1, 2nd position non-synonymous substitution creating a 
change from a threonine to an isoleucine in the Atlantic clade at amino acid position 210. 
The position of C. tilstoni and C. amblyrhynchoides as sister to the Pacific C. limbatus clade 
was supported by 4 substitutions (sites 343, 612, 629, and 930; Table5). This relationship 
collapses under bootstrap resampling. With regard to the Indo-Pacific clade, there was some 
genetic structure reflecting collection locality. Representative specimens from the west and 
south coasts of Africa were monophyletic with respect to collection locality and were nested 
within the Indo-Pacific group. The position of the South African samples within the Indo-
Pacific clade is not a surprising placement, but there has been some question as to whether C. 
limbatus made the trip between the East and West Atlantic (Compagno, 1984). 
Representatives from Pacific-Mexico and India also formed distinct clades. Additionally, 
several representatives for C. tilstoni not only were nested inside the Indo-Pacific clade, but 
were nearly genetically identical to C. limbatus from Australia, Borneo and Taiwan. 
Maximum likelihood and neighbor-joining reconstructions were consistent with these 
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results. Nucleotide sequence divergence between Atlantic and Pacific C. limbatus clades 
ranged from 2.0 to 2.5%. 
Carcharhinus falciformis: ND2. A clear partitioning was also seen between Atlantic and 
Indo-Pacific regions for C. falciformis (Fig 12). Eight substitutions support the separation of 
these two groups. Substitutions were as follows: 2, 1st position CIT transitions; 1, 1st 
position AIC transition; 4, 3rd position CIT transitions and 1, 3rd position AIG transition. 
Table 6 shows the total variable sites for C. falciformis. All were synonymous changes. 




Patterns of genetic variation can help to understand how populations are structured 
which, in turn, can be useful for managing biodiversity. The establishment of limited gene 
flow is an invaluable first step in identifying incipient speciation events. Interpreting genetic 
divergence within the context of both geography and phylogeny can shed light on speciation 
processes. For instance, when do morphological or genetic differences between geographic 
regions correspond to speciation events? 
Species in this study all show unambiguous partitioning between the Atlantic and 
Pacific ( or Indo-pacific) oceans. The partitioning of samples between West Atlantic and 
Indo-Pacific regions is consistent with results seen in other marine fishes. The absence of 
Atlantic haplotypes from the Indo-Pacific, and vice versa, indicates little or no gene flow 
between populations. 
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The Atlantic C. plumbeus appears more closely related to a different species than to 
what is ostensibly its Pacific counterpart. There is some evidence to suggest that 
morphological distinctions exist between Atlantic and Pacific C. plumbeus. Two 
independent collectors reported variation in the external morphology for specimens collected 
in Taiwan (Naylor, pers. com.) and Borneo (Cavanagh, pers com.). Specimens were noted to 
have white tipped tail fins and trailing white edges on the pectorals. There was no sign of any 
white markings on the first dorsal fin. This description is not to be confused with C. 
albimarginatus which also has white fin margins, including a prominent white margin on the 
first dorsal. Typically, C. plumbeus is described as completely lacking white fin coloration. 
The Atlantic C. plumbeus clusters with C. altimus to the exclusion of the Pacific C. 
plumbeus. The evolutionary interpretation of this pattern is unclear. There is no current 
morphological evidence linking C. altimus and the Atlantic C. plumbeus as sister taxa. 
Phylogenetic evidence points to a second speciation event subsequent to the initial historical 
isolation of the Atlantic population. Resource partitioning may have played a role in this 
outcome. C. altimus and C. plumbeus utilize the water column differently. Carcharhinus 
plumbeus rarely ventures deeper than 280 meters, whereas C. altimus is rare in shallow 
waters and is found at depths to 500 meters. It is possible that morphological disparity 
between C. altimus and C. plumbeus arose as they were subjected to the different selection 
pressures imposed by their surroundings. Carcharhinus altimus may have gained its 
circumglobal distribution as a result of the increased mobility associated with its affinity for 
deeper waters, which tend to be more homogenous circumglobally than coastal waters. 
The phylogenetic pattern of the C. limbatus complex is similar to that of C. plumbeus. 
A clear division exists between Atlantic and Indo-Pacific populations. Moreover, the Pacific 
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C. limbatus clusters with C. tilstoni and C. amblyrhynchoides to the exclusion of the Atlantic 
specimens of C. limbatus. In Garrick's 1982 review of the taxonomy of Carcharhinus, he 
noted at least two morphological characters that support the split between the Atlantic and 
Pacific C. limbatus. Juveniles born to C. limbatus in the North Atlantic are markedly smaller 
at birth (380-610 mm) than those born to C. limbatus from South Africa, Madagascar and 
Pacific (580-720 mm). Pre-narial length also varies by geographical region. C. limbatus 
from the western Atlantic, on average, have noticeably shorter snouts (2. 7-4.1 % of total body 
length) than their Indo-Pacific counterparts (3.4-4.4% of total body length). Though not 
strongly supported by the data, the positioning of C. tilstoni and C. amblyrhychoides with the 
Pacific C. limbatus makes sense biogeographically. Carcharhinus amblyrhynchoides is 
found only in the Indo-Pacific while C. tilstoni is further restricted to Northern Australia. As 
noted earlier, some specimens originally identified by vertebral counts as C. tilstoni, are not 
only monophy letic with but have nearly identical mitochondrial sequence to several Pacific 
C. limbatus specimens. These specimens all had vertebral counts of 83-84. The two 
specimens of C. tilstoni clustering as sister taxa to the Atlantic C. limbatus had vertebral 
counts of 84 and 89. According to Lavery and Shaklee (1991 ), C. tilstoni should be 
identifiable by a count between 84 and 91 vertebrae. Carcharhinus limbatus should have 
between 94 and 101. The phylogenetic pattern seen in this study suggests that vertebral 
counts are not enough to distinguish between C. tilstoni and C. limbatus, at least in the 
context of mitochondrial markers. It is also possible that the phylogenetic reconstruction 
retrieved by ND2 is due to the effects of incomplete lineage sorting among C. limbatus and 
C. tilstoni lineages, where the ancestral haplotypes still occur in recent circumglobal 
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populations of C. limbatus and in the C. tilstoni population of Northern Australia. Nuclear 
markers would help clarify this issue. 
The results for C. falciformis are consistent with the pattern of inter-oceanic 
divergence seen in C. plumbeus and C. limbatus. In spite of the increased mobility of C. 
falciformis, in line with the species' more oceanic distribution, there remains a clear split 
between Atlantic and Pacific populations with haplotypes fixed for each population. The 
lack of evidence for gene flow between populations is characteristic of an incipient 
speciation event, but no morphological characters have been observed that substantiate the 
differentiation seen at the molecular level. 
Molecular Variation 
Mitochondrial markers are widely used for studies examining genetic variation at the 
population level. In particular, cytochrome b and the control region are used frequently; 
ND2 is used to a lesser extent. Sequence divergence between Atlantic and Pacific 
populations for C. plumbeus ranged from 1.1 % (ND2) to 1.5% (Cyt b ). ND2 results showed 
a sequence divergence between populations of C. limbatus of 2.0-2.5%. Percent sequence 
divergence for the protein coding genes is comparable to the intra-specifc variation seen in 
teleosts, but lower than that for inter-specific comparisons in teleosts (Bowen et. al., 2001; 
Higuchi et. al., 2002; Muss et. al., 2001; Orti et. al., 1994). This is not surprising given past 
evidence for a slower rate of evolution in sharks relative to other vertebrates (Martin et. al. 
1992; Heist, 1999). Within sharks, the levels of divergence seen between Atlantic and 
Pacific C. limbatus and C. plumbeus populations fall well within the range seen between 
recognized species pairs. At least three clear species pairs exist within the genus 
Carcharhinus: C. melanopterus-C. cautus, C. amblyrhynchos-C. wheeleri and C. limbatus-
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C.tilstoni (Garrick, 1982). The first two pairs, while very similar in appearance, are clearly 
distinguishable by external morphology. Carcharhinus limbatus and C. tilstoni, as 
mentioned earlier, are so similar in external appearance that they were not only mistaken in 
the field, but considered to be the same species for many years. Comparisons of sequence 
divergence for Atlantic and Pacific populations of C. plumbeus and C. limbatus with the 
three species pairs noted above reveal comparable levels of divergence for both the ND2 and 
cyt b markers (C.cautus-C. melanopterus, ND2= 2.4%, cyt b= 2.5%; C. amblyrhynchos-C. 
wheeleri., ND2= 1.5%; C. limbatus-C. tilstoni, ND2=2.0%, cyt b= 2.0%). The level of inter-
oceanic sequence divergence seen for C. falciformis is half that of C. limbatus and C. 
plumbeus. This might be expected given the wide range and patterns of movement 
associated with this species. It is worth mentioning that while not a recognized species pair, 
the divergence between the Atlantic C. plumbeus and C. altimus is only 0.38% for ND2. 
Somewhat counter-intuitive, the inter-population variation in the control region was 
much lower than that seen for the protein coding genes in this study. A faster rate of 
evolution for the control region compared to protein coding regions is assumed because it 
should not bear the same functional constraints (Brown, 1985). In fishes, the control region 
is expected to evolve two to five times faster than the protein coding genes (Meyer, 1994). 
Other studies using the control region show inter-oceanic divergences that are much higher 
than those seen here (Dascyllus trimaculatus: 9 .8-12.4%) (Bernardi, 2001 ). In this study, the 
Atlantic and Pacific C. plumbeus showed a divergence of 0.3-0.4%. This is two to five times 
lower than seen for ND2 and Cyt b for the same populations. Retrieval of the historical 
signal in the control region data set was complicated by homoplasy stemming from among 
site rate variation. Very few sites along the marker are free to vary. Most sites that did 
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change, changed frequently. It is possible these sites correspond to regions where the 
occurrence of secondary structure forces compensatory mutations along the marker. The 
results of this study call into question the utility of this marker for discerning accurate 
phylogenetic patterns in sharks. 
Taxonomic Implications 
The results of this study suggest that the extent of biological diversity among some 
shark species may be significantly under-appreciated. All three members of the genus 
Carcharhinus examined show limited gene flow between Atlantic and Pacific populations. 
While the inter-oceanic divergence of Atlantic and Pacific populations of both C. plumbeus 
and C. limbatus is supported by a low level of molecular divergence, the paraphyletic 
assemblages presented in this study suggest that the Atlantic and Pacific populations be 
treated taxonomically as individual species. The phylogenetic species concept recognizes as 
species any cluster of individual organisms that form a diagnosably distinct monophyletic 
clade. One major objection to this species concept is that the act of defining a diagnosably 
distinct clade is unavoidably subjective. This begs the question how genetically distinct do 
two clades have to be in order to merit species status? An interesting example is found in 
Mugil cephalus. The separation between ocean basins for this species is defined by a 24% 
uncorrected sequence divergence. Yet, the two populations cannot be defined as separate 
species as there is no existing benchmark for how genetically different two individuals must 
be in order to merit species status (Rocha-Olivares et. al., 2000). The question of how 
genetically distinct two clades need to be in order to be defined as a distinct species is not a 
factor for C. plumbeus and C. limbatus. The fact that the Atlantic C. plumbeus population 
and the Pacific C. limbatus population are clearly more closely related to different species 
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than to their Pacific and Atlantic counterparts, respectively, renders this question a non-issue 
for these taxa. 
Reconciliation of the taxonomy for the C. plumbeus complex based on mitochondrial 
data alone requires either that C. altimus be re-classified as C. plumbeus (which it is clearly 
not) or that the Atlantic and Pacific C. plumbeus populations be classified as a distinct 
species. Given that the type specimen for C. plumbeus is of Mediteranean origin, taxonomic 
reassignment will depend on the outcome of a comparative analysis that includes 
Mediteranean representatives. Similarly, the phylogenetic pattern for C. limbatus 
populations suggests the treatment of Atlantic and Indo-Pacific populations as separate 
species. However, at this stage, it is premature to revise the taxonomy of these species 
without studying nuclear markers to test the consistency of the phylogenetic pattern for each 
species complex. 
The results of this investigation illustrate the importance of broad taxonomic and 
geographic sampling in phylogenetic investigations. If C. plumbeus and C. limbatus were 
only examined in the context of intra-specific variation and no other members of the genus 
were taken into consideration, the variation between ocean basins would merit a clear stock 
delineation, but no question would have been raised regarding their taxonomic status. 
Similarly, a phylogeny constructed ignoring geographic variation within the genus would 
have underestimated the breadth of diversity present within the genus. An integrated 
approach is essential to investigating species diversity if the limits of biological variation are 
to be adequately represented. 
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Table 2. Polymorphic sites observed in 1044 base pairs of NADH-2 sequence for 
Carcharhinus plumbeus and Carcharhinus altimus. Sites are matched to the first sequence. 
P . d . d. "d . 1 b h 1 "d eno s m 1cate an 1 ent1ca ase at t at nuc eot1 e pos1t1on. 
NADH-2 n= I 2 3 4 5 6 7 8 9 IO II 12 13 14 15 16 17 18 19 20 21 22 23 24 
C. plumbeus W. Atlantic 8 C C T T C C T C T C C C T T T C G C A C T C T A 
W. Atlantic 2 I T 
W. Atlantic 3 I G 
W. Atlantic 4 I C 
W. Atlantic 5 I G 
Borneo 1 I T C C T C C T T C C T T C T C 
Borneo 2, Hawaii, 
T C C T C C T C C T T C T C 
Philippines, Taiwan 1 6 
Taiwan 2 I T C C T C C T T C C A T T C T C 
C. altimus W. Atlantic 1 2 T T T 
W. Atlantic 2 I T T T T 
Taiwan I T T T T T C 
...... N N N (.;.) (.;.) ..,. ..,. ..,. ..,. ..,. ..,. °' -..J -..J 00 '° '° '° '° '° ...... ...... Variable Sites °' 0 0 N -..J '° '° N N ..,. Vl °' -..J Vl N ..,. Vl 0 N (.;.) °' '° 0 0 Vl ...... Vl 0 Vl °' 0 (.;.) ...... 0 00 ...... Vl (.;.) ...... °' ..,. 0 ..,. (.;.) ..,. 
...... (.;.) 
Vl 00 
Table 3. Polymorphic sites observed in 1082 base pairs of Cytochrome b sequence for 
Carcharhinus plumbeus and Carcharhinus altimus. Sites are matched to the first sequence. 
A . d. d. d "d 1 b h 1 "d peno m 1cates an 1 ent1ca ase at t at nuc eot1 e pos1t1on. 
Cytb n= I 2 3 4 5 6 7 8 9 IO II 12 13 14 15 16 17 18 19 20 21 22 
C. plumbeus W. Atlantic 12 C T A C C T G T G G T A A C T G T A A A C T 
Borneo I T C G T T C A C G G A A C G T C 
Hawaii 1 I T C T T C A A G A A C T C 
Hawaii 2 3 T C T T C A G A A C T C 
Philippines I T C T T C A G A A C T C 
Taiwan 1 I T C T T C A A G A A C T C 
Tawain 2 I T C T T C A C G G A A C G T C 
C. altimus W. Atlantic I T T C A C 
Australia I T T C A C 
Tawain I T T C A C G 
...... ...... N N (.;.) (.;.) ..,. ..,. ..,. ..,. Vl °' °' -..J -..J -..J 00 '° '° '° ...... ...... 
Variable Sites 
N '° ...... Vl 
..,. 
'° 0 ...... Vl °' Vl 0 N 0 Vl -..J 00 0 N (.;.) 0 0 N -..J Vl ...... ...... 00 -..J °' (.;.) Vl -..J N (.;.) 
..,. 00 0 -..J 0 ..,. Vl ...... Vl 
°' '° 
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Table 4. Polymorphic sites observed in 1014 base pairs of sequence from the mitochondrial 
control region for Carcharhinus plumbeus and Carcharhinus altimus. Sites are matched to 
th fi t A . d. d" t "d f 1 b t th t 1 fd ·r e HS sequence. per10 m 1ca es an 1 en 1ca ase a a nuc eo 1 e pos1 10n. 
Mitochondiral Control 
Regoin n= I 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
C. plumbeus W. 
C C A A T C T T A G T T G G C A T 
Atlantic! I 
W. Atlantic 2 I T 
W. Atlantic 3 I C 
W. Atlantic 4 I T C 
W. Atlantic 5 2 T C 
W. Atlantic 6 I T C G A 
W. Atlantic 7 I C G G 
W. Atlantic 8 2 T C G 
W. Atlantic 9 I C G 
W. Atlantic 10 I T G 
Philippines, Borneo I 2 T T C 
Borneo 2, Taiwan I 3 T T C C 
Hawaii 1, 2 T C C 
Hawaii2 I T T G C C 
Hawaii 3 I T C C 
Taiwan2 I T T C C 
C. altimus W. Atlantic 




W. Atlantic 2 I G G C C G A C C A T 
Australia I G G C G A C C A T 
N N N N w w w -1'>- °' °' °' --i --i 00 '-0 
...... 
-1'>- 0 Variable Sites '-0 0 N -1'>- °' 0 ...... -1'>- V1 ...... 00 '-0 V1 --i -1'>- ...... ...... 00 N '-0 '-0 °' °' ...... ...... N V1 --i V1 w -1'>- ...... -1'>-
Table 5 cont. Polymorphic sites observed in 1044 base pairs ofNADH-2 sequence for Carcharhinus limbatus, Carcharhinus 
tilstoni and Carcharhinus amblyrhynchoides. Sites are matched to the first sequence. A period indicates an identical base at that 
leotid 
NADH-2 n= 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 
C. limbatus W. Atlantic 
T T A T T T C C T C A T A T C T T G C G C C T C T T C T C A T 
1, Belize 6 
W. Atlantic2 1 I . 
W. Atlantic 3 I I . G 
W. Atlantic- Puerto Rico 1 I . 
Pacific- Mexico 3 \ C C G C C C T C T T T 
Philippines I 4\c C C C C G T T T T 
Philippines 2 I IC C C C C G T C T T C T 
Australia I, Borneo 1, C. 
\c C C C C G T C T T T tilstoni 
Borneo 2 2 \ C C C C C G T C T T T 
Taiwan 2\c C C C C G T C T T T 
India I IC C C C C G T C T T T C 
Indian Ocean- S. Africa I 2 IC C G C C C G T C A T T T C 
S. Africa 2 1 IC C C C C G T C A T T T C 
S. Africa 3 3 \ C C C C C G T C T T T 
S. Africa 4 2\c C C C C C G T C T T T 
S. Africa 5 2 \ C C C C C G T C T T , T 
W. Africa 2 IC C C C C G T C T T T 
C. tilstoni 2 2 C C C C C G T C T T T C 
C. tilstoni 3 I C C C C C T G T C T T T 
C. tilstoni 4 1 C C C C C G T C T T T 
C. tilstoni S 1 C C T T G T T T T C 
C. tilstoni 6 1 C C T G T T T T C 
C. amblyrhynchoides 
C C C G T T T T C 
Australia I 1 
Australia 2 1 C C C G T T T T G 
Borneo 2 C C C G C T T T T T G 
India 2 C C C G C T C A T T T G 
Variable Sites 
V> V> °' °' °' °' °' °' 
_, _, _, _, _, _, _, _, 00 00 00 00 v:, v:, v:, v:, v:, 0 0 0 0 0 0 V> 00 0 0 ;:::; Iv ... V> '-' ... V> °' °' 00 00 v:, '-' V> v:, v:, '-' V> °' 00 v:, 0 0 V: Iv '-' ... Iv 00 °' v:, v:, v:, Iv Iv - v:, 0 00 0 °' 00 _, °' ... V> 0 V> '-' V> ... - '-' V> V> Iv 
N 
N 
Table 5. Polymorphic sites observed in 1044 base pairs ofNADH-2 sequence for Carcharhinus limbatus, Carcharhinus tilstoni 
and Carcharhinus amblyrhynchoides. Sites are matched to the first sequence. A period indicates an identical base at that 
leotide oosif 
NADH-2 n= 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 
C. limbatus W. Atlantic 1, 
T A T C T G T C C C C C T T T G C T T C C A C C C C T T A C 
Belize 6 
W. Atlantic 2 1 I . G 
W. Atlantic 3 1 I . 
W. Atlantic- Puerto Rico 7 I . T 
Pacific- Mexico 3 I . T C T T C C C T T T 
Philippines 1 4 I . T C T T T C C C T T T 
Philippines 2 1 I . T C T T C C C T T T 
Australia 1, Borneo 1, C. 
I - T C T T C C C T T T tilstoni 
Borneo 2 2 I . C T C T T C C C T T T 
Taiwan 2 I . T T T C C C T T T 
India 1 I . T C T T T C C A C T T T 
Indian Ocean- S. Africa 1 2 I . T C T T C C C T C T T T 
S. Africa 2 1 I . T C T T C C C T T T 
S. Africa 3 3 I . T C T T T T C C C T T T 
S. Africa 4 2 I . T C T T T T C C C G T T T 
S. Africa 5 2 I . T A C T T T C C C T T T 
W. Africa 2 I . G T C T T C C C T T T 
C. tilstoni 2 2 T C T T C C C T T T 
C. tilstoni 3 1 T C T T C C C T T T 
C. tilstoni 4 1 T T T C C C T T T 
C. tilstoni 5 1 C T T C C T G T T C C 
C. tilstoni 6 1 C T T C C T G T T C C 
C. amblyrhynchoides 
C C T T C T T T T C 
Australia 1 1 
Australia 2 1 C C T T C T T T T C 
Borneo 2 C C T T C T T C T 
India 2 C C T T C T C 
Variable Sites V: 
..,. V, 0\ 0\ 00 '-D - ;::; :; a'. N N N N N w w w w w w ..,. ..,. ..,. ..,. ..,. ..,. V, V, 00 - w 0\ V, 0\ :::; N w 0\ 00 '-D 0 N ..,. 0\ -..J '-D :::; N w w ..,. -..J 0 ..,. w ..,. 00 V, - - 0 N '-D - w w V, w '-D w 00 N - ..,. 00 
N 
v) 
Table 6. Polymorphic sites observed in 1044 base pairs of NADH-2 sequence for 
Carcharhinus falciformis. Sites are matched to the first sequence. A period indicates 
an identical base at that nucleotide r_osition. -
NADH-2 n= 1 2 3 4 5 6 7 8 9 JO 
C. falciformis- W. Atlantic 8 C T C G T C T G G T 
Borneo, Mexico 1, philippines 1, Hawaii, India 10 I T C T A T C A C 
Mexico 2 1 I T C T A C T C A C 
Philiooines 2 1 T C T A T C A A C 
w ..,. ..,. °' --.J --.J 00 00 00 
..... 









---- C limbatus 2 
C cautus 
C melanopterus 
---- C fitzroyensis 



















C plumbeus 2 
----c sorrah 
-------------------- C porosus 
--------------------- C macloti 
---------------------- N brevirostris 
Figure I. Preliminary Maximum Parsimony phylogeny for the genus, Carcharhinus, based on mitochondrial 
NADH-2 sequence data. Arrows indicate the position of paraphyletic taxa, Carcharhinus plumbeus and 
Carcharhinus limbatus. Consistency index= 0.0327. Rentention index= 0.495 
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C. plumbeus Borneo 
Pacific 
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C. porosus 
Figure 2. Phylogeny derived using maximum parsimony for geographic variants ofCarcharhinus plumbeus 
and Carcharhinus limbatus specimens. Consistency index= 0.866. Retention index= 0.959. 
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Figure 3. Geographic distribution of Carcharhinus p!umbeus. Question marks indicate areas where the 
presence of C. p!umbeus is uncertain. 
~ -
0 
Figure 4. Geographic distribution of Carcharhinus !imbatus. Question marks indicate the areas where the 
presence of C. limbatus is uncertain. 
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Figure 5. Geographic distribution of Carcharhinus falciformis. The dashed line indicates the potential range of 
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Figure 7. Phylogeny derived using Maximum Parsimony based on NADH-2 sequence data for C. plumbeus and 
C. altimus. Substitutions supporting each clade are shown below the nodes. Consistency index= 0.779. 
Retention index= 0.800. 
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Figure 8. Phylogeny derived using Maximum Parsimony based on Cytochrome b sequence data for C. plubeus 
and C. altimus. Substitutions supporting each clade are shown below the nodes. Consistency index= 0.746. 
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Figure 9. Phylogeny derived using Maximum Parsimony based on the sequence data from the 
mitochondrial control region for C. plumbeus and C. altimus. The arrow indicates the position of C. 
altimus which is inconsistent with the results of analyses based on the protein coding genes. 
Consistency index= 0.743. Rentention index= 0.780. 
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C. altimus W. Atlantic> 
C. altimus W. Atlantic 
C. altimus Australia 
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C. plum beus W. Atlantic 
C. acronotus 
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C. fitzroyensis 
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- 0.005 substitutions/site 
Figure 10. Neighbor joining phylogeny based on sequence data from the mitochondrial control region 
subsequent to removing frequently changing sites and correcting for among site rate variation .. The arrow 
indicates the position of C. altimus which is consistent with the results of analyses based on the protein coding 
genes. The bar below the scale provides a distance scale. Consistency index= 0.707. Retention index= 0.738. 
Consistency and Retention indices are based on parsimony analysis. 
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Figure 11. Phylogeny derived using Maximum likelihood (HKY85) based on NADH-2 sequence data for 
Carcharhinus limbatus, C. tilstoni and C. amblyrhynchoides. Substitions supporting each clade are shown 
below the nodes. Consistency index= 0.852. Retention index= 0.944. Consistency and Retention indices are 
based on parsimony analysis. 
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Figure 12. Maximum parsimony phylogeny based on NADH-2 sequence data for Carcharhinusfalciformis. 
Consistency index= 1.0 Retention index= 1.0 
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